e measured the changes during operation in seven markers of coagulation in a prospective series of 84 patients with fractures of the tibia or femur who were undergoing reamed intramedullary nailing. All patients were also continually monitored using transoesophageal echocardiography to assess marrow embolism. In a subset of 40 patients, intraoperative cardiopulmonary function was monitored, using pulmonary and systemic arterial catheterisation.
From the Royal Infirmary of Edinburgh, Scotland W e measured the changes during operation in seven markers of coagulation in a prospective series of 84 patients with fractures of the tibia or femur who were undergoing reamed intramedullary nailing. All patients were also continually monitored using transoesophageal echocardiography to assess marrow embolism. In a subset of 40 patients, intraoperative cardiopulmonary function was monitored, using pulmonary and systemic arterial catheterisation.
The procedure produced a significant increase in prothrombin time, activated partial thromboplastin time, the level of prothrombin fragments F 1+2 and D-dimers, and a decrease in the fibrinogen level, suggesting activation of both the coagulation and fibrinolytic pathways. There was evidence of both platelet hyper-reactivity and depletion, as estimated by an increase in ␤-thromboglobulin levels and a decrease in the platelet count. In the patients who had invasive monitoring there was an incremental increase in mean pulmonary arterial pressure, with the changes being greatest during insertion of the guide-wire and reaming.
The change in markers of coagulation, pulmonary artery pressure and arterial oxygen partial pressures correlated with the intraoperative embolic response. Greater changes in these parameters were observed during stabilisation of pathological fractures and in those patients in whom surgery had been delayed for more than 48 hours.
Seven patients with pathological fractures developed more severe hypoxic episodes during reaming, which were associated with significantly greater arterial hypoxaemia, a fall in the right ventricular ejection fraction and an increase in the mean pulmonary artery pressure, pulmonary capillary wedge pressure, central venous pressure and the pulmonary vascular resistance index. These changes suggested that the patients had transient intraoperative right heart strain.
Eight patients developed significant postoperative respiratory compromise. They all had severe intraoperative embolic responses and, in the three who had invasive monitoring, there was a significantly greater increase in pulmonary artery pressure and alveolar-arterial oxygen gradient, and a fall in the ratio of arterial partial pressure of oxygen to the inspired oxygen concentration. Operative delay, intraoperative paradoxical embolisation and the scores for the severity of the coagulative and embolic responses were predictive of the development of postoperative respiratory complications on univariate logistic regression analysis. On multivariate analysis, however, only the embolic and coagulative scores were significant independent predictors of respiratory complications.
Intravasation of marrow contents into the venous circulation with subsequent embolisation to the lungs occurs to a greater or lesser degree in all procedures which involve reaming of the medullary canal. 1, 2 This process produces activation of the coagulation and fibrinolytic cascades, [3] [4] [5] as well as the stimulation of other markers of inflammation. 6, 7 The pulmonary microcirculation acts as a filter for the embolic material, but becomes partially occluded as a consequence. The resulting effects on cardiopulmonary function and gaseous exchange have been studied in animal models, but are not well documented in man. [8] [9] [10] [11] [12] The embolic load produced during most nailing procedures is mild and it is assumed that these responses are normally self-limiting and homeostatically controlled, so that most pass unnoticed when measured by standard clinical markers. A few patients with a fracture of a long bone, including those with pathological fractures or with a concomitant chest injury, are at increased risk of developing adult respiratory distress syndrome. The pathophysiology of this condition remains incompletely understood, but excessive and uncontrolled activation of the coagulative, fibrinolytic and inflammatory pathways 7, 8, [13] [14] [15] [16] [17] [18] [19] [20] and haemodynamic changes within the lung parenchyma have all been implicated. [21] [22] [23] It is a matter of debate as to whether or not the use of reamed intramedullary nailing in these situations increases the risk of the development of this complication and this has recently been the focus of clinical and laboratory-based research. [8] [9] [10] [11] [12] [24] [25] [26] [27] [28] Quantification of the normal responses to nailing in patients with isolated fractures, may enable us to understand the processes by which they become deranged in the multiply-injured patient who develops a post-traumatic lung syndrome. Our study aimed to quantify the coagulative and cardiorespiratory response to nailing of isolated fractures, using sensitive, invasive monitoring. We examined the correlation of these responses with the extent of the embolic load produced by nailing and also investigated whether there was an association between the changes in any of these parameters and the development of postoperative respiratory compromise.
Patients and Methods
Over a period of three years we studied 84 patients (49 men and 35 women), with a mean age of 47.2 years, who had intramedullary nailing for isolated traumatic fractures of the tibia (group I, 34 patients) or of the femur (group II, 27 patients). Group III comprised 23 patients with pathological fractures of the femur. In these the primary tumour was in the breast in ten, in the bronchi in four and in the prostate in four. There was one case each of renal, thyroid and oesophageal tumours and of non-Hodgkin's lymphoma and myeloma. All the fractures were treated by nailing using standard techniques. 29, 30 Surgery for the fractures in groups I and II was performed on scheduled trauma lists. In 20 of these patients it was delayed for more than 48 hours. All the patients in group III underwent surgery after full evaluation of the extent of the spread of the tumour. No patient was receiving medication known to affect the coagulation pathways before operation. The same protocol of anaesthesia was used for all patients with standard induction and maintenance agents.
A total of 40 patients (14 in group I, 13 each in groups II and III) had preoperative cannulation of the pulmonary and peripheral arterial circulation using a Swan-Ganz pulmonary artery catheter (Baxter Healthcare Corporation, Pennsylvania) and a radial artery catheter (Arrow International Inc, California). Full approval of the local Ethical Committee was granted and informed consent for all invasive monitoring was obtained. Recording of the parameters of cardiopulmonary status and oxygenation was made after induction of anaesthesia but before the commencement of surgery, after surgical exposure but before instrumentation, after insertion of the guide-wire, after reaming, after insertion of the nail and following completion of surgery. Since there was no significant difference between any of the recordings made after induction of anaesthesia and after surgical exposure, the latter values were used as the baseline against which subsequent changes during instrumentation were compared.
The use of invasive monitoring allowed measurement of changes in heart rate, mean systemic arterial pressure, mean pulmonary arterial pressure, central venous pressure, right ventricular ejection fraction, venous admixture, systemic vascular resistance index, pulmonary vascular resistance index, cardiac index and pulmonary artery wedge pressure to be made during the procedures. The efficiency of gas exchange was estimated by calculation of the ratio of the arterial partial pressure of oxygen to the inspired oxygen concentration (PaO 2 /FiO 2 ratio), venous admixture (an estimate of the degree of physiological shunt) and the alveolararterial oxygen gradient (an estimate of the degree of mismatch of ventilation to perfusion). 31, 32 Intraoperative embolic episodes were monitored in all patients using a 5MHz biplanar transoesophageal echocardiography probe (Hewlett-Packard, Wokingham, UK). Representative videotape recordings of the observed embolic showers were made at times corresponding to the measurement of the cardiorespiratory parameters; these were later evaluated blindly using the Mayo Clinic System. 33 In addition to consideration of each of these values individually, a score of the overall response was derived by summation of the intraoperative quantity of emboli for each patient. Venous blood samples were taken before and after surgery for the measurement of platelets, prothrombin time (PT) and activated partial thromboplastin time (APTT). In addition to these standard tests, levels of fibrinogen, Ddimers (a fibrin degradation product which reflects lysis of stable cross-linked fibrin), prothrombin fragments F 1+2 (PF 1+2 , by-product of prothrombin cleavage to thrombin) and ␤-thromboglobulins (␤-TG, which is liberated by ␣-granules of activated platelets) were measured. As well as considering each of the individual markers of coagulation, an ordinal categorical score derived from all seven measured assays, reflecting the degree of operative activation of coagulation and fibrinolytic pathways, was used in subsequent analysis.
Postoperative estimations of arterial blood gas levels and a full blood count were undertaken on alternate days during the first postoperative week, or more often if indicated. The American-European Consensus Conference working definitions of adult respiratory distress syndrome (ARDS) and acute lung injury (ALI) were used. 34 All patients were also monitored for systemic fat embolism, using the criteria of Gurd and Wilson 35 for diagnosis.
Statistical analysis. All the information was analysed using the SPSS software package (SPSS Inc, Chicago, Illinois).
Continuous data were expressed as means with 95% confidence intervals and categorical data as medians with interquartile ranges. The significance of time-trends for each of the measured variables during the nailing procedures within groups and between groups was tested using repeated-measures ANOVA and one-way ANOVA, respectively, for continuous data, and the Friedman two-way analysis of variance and Kruskal-Wallis test for categorical data. The extent of the correlation of variables was estimated using the Spearman rank-correlation method (r s ). Linear and logistic regression methods were used to investigate the interactions beween variables and their ability to predict severe clinical response. For all analyses a p value of 0.05 or less for a type-1 error was considered to be significant. The Tukey test was applied to all post-hoc analyses of the three groups.
Results
Embolic response. In groups I and II there was a minimal echogenic response before operation, whereas in group III there was a low-grade response (Table I ). There was a significant increase in the amount, size and duration of embolic showers during insertion of the guide-wire, reaming and insertion of the nail (Friedman test, p < 0.001). The showering was typically short-lived and was subsiding at the time of the postoperative measurement. In groups I and II a minor response was characteristic, whereas in group III there was a significantly greater response during each of the four operative periods of measurement (Kruskal-Wallis test, p < 0.001). Paradoxical embolisation into the systemic circulation across a patent foramen ovale, only seen in the presence of high-grade embolisation, was observed in three patients (one in group II and two in group III) during reaming and insertion of the nail. There was a significantly increased embolic response (Kruskal-Wallis test, p < 0.001) in patients with traumatic fractures (groups I and II) who had delayed surgery compared with those whose operation was carried out within 48 hours of injury. There were no other significant differences in embolic response within the groups. Changes in coagulation markers. Before operation, the levels of D-dimer, prothrombin fragments F 1+2 and ␤-TG were elevated for all three groups and fibrinogen levels were above normal in groups II and III. The preoperative levels of all seven markers correlated positively with the postoperative levels. Most variability in postoperative levels, however, was not explained solely by the preoperative values on linear regression analysis, so that prediction of the operative change in levels was not possible.
Within all groups there was a significant postoperative increase (repeated-measures ANOVA, p < 0.05) in PT, Ddimers, PF 1+2 and ␤-TG and a decrease in platelets and fibrinogen when compared with preoperative levels (Fig.  1) . Although APTT (p < 0.05) increased significantly when all groups were considered together, the differences were not significant within the three groups. The postoperative levels of D-dimers and PF 1+2 were greater and the platelet count lower in group III, when compared with groups I and II (one-way ANOVA, p < 0.05). For all groups considered together there was a positive correlation of the total intraoperative embolic score with the operative coagulation score (r s =0.74, p < 0.001, Fig. 2a) .
Patients with traumatic fractures (groups I and II) whose surgery had been delayed for more than 48 hours had a greater postoperative APTT (one-way ANOVA, p < 0.05), PF 1+2 (p < 0.001) and ␤-TG (p < 0.001) and lower platelet counts (p < 0.001) and fibrinogen (p < 0.05) than those who underwent early surgery. Systemic and pulmonary cardiovascular changes. Insertion of the guide-wire, reaming and insertion of the nail produced minor and statistically insignificant increases in mean heart rate, systemic arterial pressure and cardiac index, which returned towards preinstrumentation levels after operation in the 40 patients who were studied (Table  II) . Nailing did not produce a change in the mean systemic vascular resistance index.
There was a significant incremental rise in mean pulmonary arterial pressure during each of the four periods after baseline measurement (Fig. 3a) ; the pressure increase was largest during insertion of the guide-wire and reaming, and least during insertion of the nail (repeated-measures ANOVA, p < 0.05). The magnitude of the increase was significantly higher in group III than in groups I or II during insertion of the guide-wire, reaming and insertion of Table I . Median echogenic scores for four measured time periods (interquartile ranges in parentheses) for the 84 patients undergoing reamed intramedullary nailing of isolated fractures
All groups
Group I Group II Group III Time period (n = 84) (n = 34) (n = 27) (n = 23)
After insertion of the guide-wire 4 (3)* 3 (3)* 4 (2. Graphs showing correlation between embolic response and a) the operative coagulation score during nailing, b) the change in pulmonary artery pressure during reaming, c) the PaO 2 / FiO 2 ratio during reaming, d) the alveolar-arterial oxygen gradient during reaming and e) the change in venous admixture during reaming. the nail (one-way ANOVA, p < 0.05). During reaming there was a positive correlation between the severity of the embolic response and the rise in pulmonary artery pressure (r s =0.64, p < 0.001, Fig. 2b ).
There was a statistically insignificant increase in mean pulmonary capillary wedge pressure during insertion of the guide-wire and reaming; the mean pressures subsequently returned towards baseline levels during insertion of the nail and after operation (Table II) . There were no significant changes in the mean central venous pressure or right ventricular ejection fraction for the study group as a whole (Table II) . There was no significant change in the computed pulmonary vascular index resistance in groups I and II, although there was an incremental rise in this value after insertion of the guide-wire, after reaming and after insertion of the nail in group III (Fig. 3b) . Gas exchange. A slight fall in the PaO 2 /FiO 2 ratio was seen in groups I and II during insertion of the guide-wire and reaming. In group III both insertion of the guide-wire and reaming produced a significant incremental fall in the Graphs showing changes at each measurement period in a) mean pulmonary artery pressure (* significant increase, p < 0.05; o significantly greater increase in group III compared with groups I and II), b) pulmonary vascular resistance index (* significant increase, p < 0.05), c) the PaO 2 /FiO 2 ratio (* significant decrease, p < 0.05), d) alveolar-arterial oxygen gradient (* significant increase, p < 0.05) and e) venous admixture during nailing (* significant increase, p < 0.05).
PaO 2 /FiO 2 ratio (repeated-measures ANOVA, p < 0.05, Fig.  3c ), and an increase in the alveolar-arterial oxygen gradient (p < 0.05, Fig. 3d ) and venous admixture (p < 0.05, Fig.  3e ). These changes stabilised during insertion of the nail and returned towards baseline values at the end of surgery. There was a significant negative correlation between the change in the PaO 2 /FiO 2 ratio and both the embolic response during reaming (r s =-0.63, p < 0.001, Fig. 2c ) and the coagulation score (r s =-0.73, p < 0.001). There was also a positive correlation of both the change in the alveolararterial oxygen gradient (r s =0.67, p < 0.001, Fig. 2d ) and venous admixture (r s =0.51, p < 0.001, Fig. 2e ) with the embolic response during reaming. The partial pressure of arterial carbon dioxide did not change significantly during the procedures.
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Clinically significant responses. Of the 40 patients who had invasive monitoring, 13 had severe intraoperative embolic responses (Mayo score of ≥7). Seven of these patients, all in group III, developed severe hypoxic episodes during reaming (>25% fall in PaO 2 /FiO 2 ratio to an absolute value below 40 kPa). These episodes were associated with a significantly greater increase in mean pulmonary artery pressure, pulmonary capillary wedge pressure, central venous pressure, pulmonary vascular resistance index, venous admixture and alveolar-arterial oxygen gradient and a greater fall in right ventricular ejection fraction (Table III) .
Eight of the total study group developed significant postoperative, non-infective respiratory complications. There was one in group III who died immediately after surgery and seven others (2 in group I, 2 in group II and 3 in group III), of whom three developed ARDS and four ALI. Four of these patients had evidence of systemic fat embolisation and one died from fulminant ARDS on the fourth postoperative day. All the others recovered with supportive therapy. Central venous pressure (mmHg) 3.0 (0.9 to 5.1)* 0.1 (-0.6 to 0.9)
Pulmonary capillary wedge pressure (mmHg) 3.9 (1.6 to 6.1)* 0.3 (-0.5 to 1.0) * significant difference of complication group from uncomplicated group (one-way ANOVA, p < 0.05) A comparison of this subgroup of patients with the remainder is given in Tables IV and V. The patients with severe responses had significantly greater intraoperative embolic scores for each of the four time periods (KruskalWallis test, p < 0.05). These patients had a significantly greater operative increase in PT, APTT, D-dimers, PF 1+2 and ␤-TG and a decrease in platelets and fibrinogen (oneway ANOVA, p < 0.05). Changes consistent with a clinical diagnosis of disseminated intravascular coagulation were present in five. Severe clinical responses occurred in two of the three patients with paradoxical embolisation and four of the 20 with traumatic fractures who had surgery delayed for more than 48 hours. Three of these patients had undergone intraoperative invasive monitoring and all had severe intraoperative embolic responses associated with hypoxic episodes, with a significant increase in pulmonary artery pressure and alveolar-arterial oxygen gradient and a fall in the PaO 2 /FiO 2 ratio during reaming.
On univariate logistic regression analysis, the embolic score, the occurrence of paradoxical embolisation and an operative delay of more than 48 hours were predictive of a significant postoperative clinical response (p < 0.05). Although none of the seven markers of coagulation was predictive in isolation, the coagulation score derived from all seven variables was predictive of outcome (p < 0.05). In a multivariate model, which included all these, only the embolic score (p < 0.05) and coagulation score (p < 0.05) were significant independent predictors of postoperative respiratory compromise.
Discussion
Reamed intramedullary nailing remains a safe, effective treatment for most isolated fractures of long bones, despite producing displacement and intravasation of marrow contents into the venous circulation.
1,2 Since only a very few patients develop clinically significant side-effects from this, one of the major roles of the pulmonary vasculature must be to filter these emboli from the systemic venous circulation. This partial occlusion of the pulmonary microcirculation produces temporary impairment of right heart function and gaseous exchange. 2, 36 In addition, marrow contents are known to be thrombogenic causing activation of the coagulation and fibrinolytic pathways, as well as that which would be expected from the surgical stimulus alone. 2, 3, 37 Although the coagulative and cardiopulmonary effects of replacement arthroplasty of the hip and knee have previously been examined, 38, 39 this is the first clinical study to attempt specifically to quantify these effects in patients undergoing reamed nailing. We have shown that reamed nailing is associated with the activation of coagulation pathways. The typical coagulative response was one of prolongation of PT and APTT, with elevation of the levels of PF 1+2 and D-dimers, and a decrease in fibrinogen. Such changes are consistent with activation of both the coagulative and fibrinolytic pathways with consequent consumption of clotting factors and inhibitors. There was also an increase in the level of ␤-TG and a fall in the platelet count, reflecting both the activation and consumption of platelets. This anticipated involvement of such pathways reflects the normal physiological response to trauma, producing activation of the coagulation cascades and platelets to control haemorrhage, and activation of the fibrinolytic pathways to prevent widespread thrombosis. 40 The degree of intraoperative coagulative activation during nailing correlated with the severity of the embolic response and this could also be anticipated, given the known coagulative effects of intravasation of marrow contents. [3] [4] [5] The deleterious clinical effect of surgical delay has been described in patients with fractures of the femur undergoing nailing. 41 Although operative delay was not significantly predictive of the development of postoperative respiratory compromise when corrected for other variables on logistic regression analysis in our series, all four patients with traumatic fractures (groups I and II) who developed this complication had delayed surgery. In addition, patients whose surgery had been delayed showed a greater intraoperative embolic and coagulative response. This provides further support for the stabilisation of isolated fractures of the tibia and femur within 48 hours of injury. The association of disseminated malignancy with abnormalities of coagulation is also well recognised, particularly in metastatic adenocarcinoma in which a thrombotic diathesis may be a presenting feature. 42 We were unable to detect any substantial differences in the degree of preactivation in those patients with pathological fractures in our study. It is possible that the heterogenous nature of the primary malignancies included could have been a confounding factor. However, a more severe intraoperative embolic response, a coagulative response and arterial hypoxaemia with more significant respiratory complications were seen in this group of patients. It is probable that the embolic material liberated during reaming is more thrombogenic because of the presence of tumour cells, producing a correspondingly greater activation of the coagulation cascades. 4, 13, 43 Nailing procedures also produced an incremental increase in pulmonary artery pressures which correlated with the severity of the intraoperative embolic response. Although the greatest changes in pulmonary pressures corresponded to the periods of maximal embolisation, it is unclear whether the pressure changes were simply due to the mechanical blockage of vessels. The reserve of the pulmonary vascular bed is considerable, with many capillaries unfilled at rest, and it has been estimated that half the pulmonary circulation can be obstructed by emboli before there is a substantial rise in pulmonary artery pressure. 31, 32 In our study, pulmonary arterial pressure rose, even in the presence of a relatively minor embolic response, and it therefore seems likely that factors such as vasoconstriction, resulting from either hypoxia or the local release of vasoactive mediators, or as a reflex response from the sympathetic nervous system, may also be important in the genesis of this effect. 32, 44, 45 Despite the considerable increase in pulmonary artery pressure, this appeared to be self-limiting in most traumatic tibial and femoral fractures (groups I and II), with no evidence of right ventricular dysfunction or of an effect on gas exchange. In pathological fractures (group III), however, the nailing procedures produced hypoxic episodes (diminished PaO 2 /FiO 2 ratio) and an increase in alveolararterial oxygen difference, reflecting a degree of ventilation-perfusion inequality. An increased alveolar-arterial oxygen difference can be caused by both abnormally low or abnormally high ventilation-perfusion ratios within the lung. From animal studies [44] [45] [46] it would appear that after embolisation the hypoxia is at least partially attributable to a reduced ventilation-perfusion ratio in the non-embolised regions of the lung, as a result of their increased blood flow (increased physiological shunt); blood is diverted from regions with reduced blood flow as a result of embolisation and there is also a compensatory reflex reduction in ventilation of the underperfused areas, as a result of reflex bronchoconstriction. 32 This view is supported by our finding of increased venous admixture during insertion of the guidewire and reaming in patients with pathological fractures. Hypoxia may also have been produced by an increased ventilation-perfusion ratio as a result of residual ventilation in areas of embolisation (increased physiological dead space). 32, 36 Patients with pathological fractures experienced more significant hypoxic episodes than those with traumatic fractures, which may be explained by the greater embolic response and change in pulmonary artery pressure, producing ventilation-perfusion mismatch. 46 The cause of the hypoxaemia after embolisation is still not fully understood and other factors may contribute. These may include diffusion impairment in the recruited pulmonary vessels with high flow rates, the local release of inflammatory mediators causing interstitial and alveolar oedema and the opening up of latent pulmonary arteriovenous anastomoses, as a result of the high pulmonary artery pressure. 32, 36, 47, 48 Seven patients with pathological fractures, who received invasive monitoring, developed more significant hypoxic episodes during periods of high-grade embolism which were associated with a greater increase in mean pulmonary artery pressure, venous admixture (shunt) and alveolararterial oxygen gradient when compared with the remainder of the monitored patients. There was also a significant fall in right ventricular ejection fraction and a rise in central venous pressure and pulmonary artery wedge pressure when compared with the whole group. The changes in these parameters suggest a pattern of right ventricular strain as a result of increased right ventricular afterload because of the greater embolic response.
Our findings indicate that the intraoperative cardiopulmonary response to nailing is predictable and proportional to the severity of the embolic generation. After relatively minor embolisation, a benign self-limiting rise in pulmonary artery pressure is seen without hypoxia (level I).
With more significant emboli the increase in pulmonary pressure is greater and accompanied by hypoxia and signs of right ventricular strain in some patients (level II). Despite the evidence of a more substantial cardiopulmonary response, only three of the seven patients showing this developed evidence of significant postoperative respiratory compromise. This level is still fully reversible and only provides a partial indication of the risk. With more severe embolisation, progressive right-heart strain may lead to right-sided and then biventricular failure (level III). Although this sequence of events was not seen in our series, it has previously been reported in patients with ARDS after trauma and during cemented arthroplasty. [21] [22] [23] 49, 50 We have since observed this progression in two patients undergoing stabilisation of pathological fractures. Postoperative respiratory compromise, not attributable to infective causes or cardiac failure, was seen in eight patients. These included one who died immediately after operation with fulminant fat embolism, and seven with postoperative respiratory compromise, four of whom had evidence of systemic embolisation. Although severe clinical responses were associated with paradoxical embolisation and operative delay, only the scores of embolic and coagulative response remained significant when included in a logistic regression model. The effect appeared to be synergistic; a severe embolic response alone was not associated with clinical effects in the absence of significant activation of coagulation pathways. This finding is supported by other studies which suggest that embolic material in itself is insufficient to generate a significant adverse clinical response and requires other 'triggering' factors. 51, 52 Coagulopathy has been implicated for a long time in the pathogenesis of post-traumatic lung insufficiency states, including the fat embolus syndrome. 8, [14] [15] [16] [17] [18] A common pathway for these more severe responses may be that preactivation of the coagulative pathways, platelets and inflammatory mediators is present, producing an enhanced activation of these pathways after nailing. 7, 19 It has previously been demonstrated that disseminated intravascular coagulation and platelet sequestration occur in the lungs during post-traumatic ALI or ARDS, 5, 53, 54 and this may be as a consequence of the thromboplastic effect of the emboli liberated into the bloodstream. Five of our patients with severe clinical responses had a haematological picture consistent with the diagnosis of disseminated intravascular coagulation and significant changes were apparent in the other three. Some authors have attributed post-traumatic respiratory insufficiency entirely to disseminated intravascular coagulation within the lung, producing microthrombosis and pneumocyte damage. 14, 15 Most series report that ARDS and disseminated intravascular coagulation often coexist, with 20% of patients sharing features of both. 55, 56 A generalised coagulopathic state may also explain how the emboli, which are normally filtered from the systemic circulation by the lung parenchyma, may produce signs of systemic embolisation in the absence of a patent foramen ovale. As yet, however, we cannot establish whether the coagulative changes are primarily involved in the pathogenesis of the severe postoperative responses or are simply a reflection of a more generalised systemic inflammatory response to trauma. Many inflammatory mediators also have procoagulant effects [56] [57] [58] and are implicated in the pathogenesis of posttraumatic ARDS. 6, 7, 58, 59 The interactions are clearly complex and require further study.
We have developed a model for monitoring the coagulative and cardiopulmonary effects of reamed nailing, but further work is required to extend its use to patients at high risk of developing respiratory complications after trauma, including patients with chest injuries and a fracture of the femur or tibia. Ultimately, we need to identify, reliably, the preoperative factors which predict the risk of respiratory compromise after nailing, so that alternative methods of stabilisation of the fracture can be used in these patients.
Invasive monitoring is not routinely justified during the surgical treatment of most isolated fractures of the femur and tibia because the marginal additional benefits from its use do not outweigh the risks of producing a pneumothorax or an arrhythmia, or of introducing sepsis through cannulation of the pulmonary artery. In 'high-risk' cases, we feel that monitoring the severity of embolism using transoesophageal echocardiography combined with peripheral arterial and central venous cannulation to monitor filling pressures and oxygenation, will provide an early indication of those patients likely to develop significant postoperative respiratory complications. Perioperative monitoring of the activation of the coagulation and fibrinolytic pathways also provides further information which is of prognostic value. We now use such an approach routinely in those patients undergoing reamed nailing for pathological fractures and in those patients with known patency of the foramen ovale.
